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sonal precipitation over the Indian foreland,
with summer convective rainfall reaching the
TP. An intense anticyclonic circulation during
summer months induces widespread aridity
on the northern part of the Plateau. This peculiar atmospheric circulation, together with intensified water recycling and multiple moisture
sources, results in a reversed isotopic lapse rate
across the southern flank of the TP, with the
most negative d18Ow over northern India and
increased d18Ow northward.
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argue that this is a robust
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feature of Eocene climate
..................................................
over the region. Furthermore, this pattern is the opposite of the presentday d18Ow over the Himalayas, which decreases
with elevation, driven by orographic rainout
following a Rayleigh distillation process. Last,
using our simulated temperatures and d18Ow,
we derived virtual carbonates d18O for different elevation scenarios and compared them
with the geological record. Statistical analysis
shows that a low TP topography
during the Eocene is the scenario
that provides the best match between model and data.
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B

ecause the Tibetan Plateau (TP) is the
largest orogen on Earth, its uplift history
is critical for understanding the evolution
of the Asian monsoon systems and the
geodynamic forces involved in continental collisions (1, 2). Previous reconstructions
have proposed a wide range of paleogeographies
for the late Eocene of Tibet, which all accommodate India-Asia plate motion through a combination of Indian plate subduction and Asian
shortening and extrusion (3), but the altitude
of the TP through time remains disputed (4).
Numerous uplift scenarios for the TP have been
suggested from a precollision, highly elevated
Plateau [for example, ~100 million years (Ma)
ago] (5) through stepwise uplift since initial collision (~55 Ma ago) (6) to more recent rapid
uplift, particularly of the northern and eastern
TP (<8 Ma ago) (7). Although any of these uplift
scenarios are possible, they imply different geodynamic mechanisms and climate responses.

The elevation of the TP since the Eocene as
reconstructed in stable isotope paleoaltimetry
studies is close to modern values (>4000 m)
(8–10). However, other lines of evidence from
paleobotany (11, 12) and paleontology (13, 14)
suggest much lower elevations of the TP in the
past. Improved constraints on the early topographic history of the TP are critical to better
understand the geodynamic evolution of IndiaEurasian collision and its consequences on the
climate system—namely, the Asian monsoon onset.
Stable isotope paleoaltimetry is based on the
observed and theoretically predicted decrease
of precipitation water d18O [d18Ow, expressed in
per mil (‰)] with increasing elevation across
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Movie 1. Model-simulated d18Ow and precipitation amount for present-day (CTR) and Eocene
(EOC) cases, monthly time slices. Vector arrows show wind speed and directions.
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Paleotopographic reconstructions of the Tibetan Plateau based on stable isotope
paleoaltimetry methods conclude that most of the Plateau’s current elevation was already
reached by the Eocene, ~40 million years ago. However, changes in atmospheric and
hydrological dynamics affect oxygen stable isotopes in precipitation and may thus bias
such reconstructions. We used an isotope-equipped general circulation model to assess
the influence of changing Eocene paleogeography and climate on paleoelevation
estimates. Our simulations indicate that stable isotope paleoaltimetry methods are not
applicable in Eocene Asia because of a combination of increased convective precipitation,
mixture of air masses, and widespread aridity. Rather, a model-data comparison
suggests that the Tibetan Plateau only reached low to moderate (less than 3000 meters)
elevations during the Eocene, reconciling oxygen isotope data with other proxies.

mountain ranges (15). In the Himalayas and
southern Tibet, the present-day isotopic lapse
rate is ~–2.8 ‰/km (16), which is in agreement
with distillation models that predict decreasing
d18Ow in response to decreasing atmospheric
humidity and temperature during orographic
ascent (15). This altitude effect is archived in the
d18O of continental carbonates (d18Oc), offset
from d18Ow by a fractionation factor that depends on the carbonate formation temperature
(17). Stable isotope paleoaltimetry studies commonly provide d18Oc at sites of unknown elevation; make assumptions about the temperature
at the site, the near-sea level d18Ow, and the
atmospheric relative humidity; and from this,
reconstruct the paleoelevation by using modern empirical or modeled lapse rates (15, 16).
However, stable isotope paleoaltimetry relies
on the key assumption that the main atmospheric
factors that control atmospheric distillation and
air mass d18O values have remained constant
over millions of years. The impact of past climate change—including changes in lapse rates
(18), sources of precipitation (9), and in monsoonal regime (19)—on d18Ow is uncertain but has
been hypothesized to affect d18Ow over the TP
(20). In addition, carbonate growth temperature
is often unknown, increasing the uncertainty in
the reconstructed d18Ow (17). All these factors may
importantly bias deep-time paleoelevation estimates, particularly during the Eocene Greenhouse
world. Higher atmospheric CO2 concentration
(PCO 2) at that time (21) and markedly different
Asian paleogeography, with a wide and shallow
Paratethys Sea in central China (22) and a latitudinal shift of the southern Tibetan margin ~10°
to the south (23), might have substantially modified the Asian hydrological cycle (24, 25).
We tested the impact of late Eocene paleogeography and topography variations on water
vapor and precipitation d18O using an isotopeenabled version of the LMDZ atmospheric circulation model and compared simulated d18Oc
values with previously published data. LMDZiso properly simulates atmospheric dynamics
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and reproduces rainfall and d18Ow patterns
consistent with present-day data over Asia, including the substantial depletion that occurs
across the Himalayan flanks and the stark southto-north positive gradient in d18Ow across the
Plateau (Fig. 1, A and B). In order to fully account for uncertainties regarding our knowledge of Asian paleogeography during the Eocene,
we varied the elevation of the TP, the latitude
of the TP, and the land-sea mask (Fig. S1). Additionally, we accounted for changing PCO2, land
surface albedo, orbital variation, and sea-surface
temperatures. These variables potentially cause
shifts in d18Ow by changing the relative contri-

bution of different air masses and the local hydrological cycle (26–28).
Eocene Asian climate and water d18O
Simulated Eocene large-scale circulation is characterized by monsoonlike seasonal precipitation
over the Indian foreland (fig. S2). By contrast,
over the TP and over central Asia, westerlies
more intense than those of today interacted
with large-scale atmospheric subsidence (figs. S2
and S3), causing widespread aridity (Fig. 1C and
fig. S2). The onset of an anticyclonic circulation
during summer months over the eastern part of
the TP (Movie 1) induces intense westerlies and

easterlies at each border of the TP. This feature
is in stark contrast with the modern simulations,
in which the southern TP receives a greater
proportion of precipitation from air masses
originating in the Bay of Bengal and propagating northward (Movie 1). These processes occur
across all of our different paleogeography and
paleotopography scenarios. High rainfall over
the Indian foreland (Fig. 1, C and D) decreases
d18Ow from the southern tip of India (~–4‰)
to a minimum at 15°N over the Indian foreland
(from –8 to –11‰, depending upon TP topography) (Fig. 2 and fig. S2). The multiple sources
feeding precipitation in the southern part of

Downloaded from http://science.sciencemag.org/ on July 1, 2021

Fig. 1. Present-day and Eocene simulations. (A) Simulated MJJAS precipitation-weighted present-day d18Ow. Triangles show d18Ow from
GNIP stations (70), circles represent d18O in streams, rivers, and springs from [(37) and references therein] compilation. (B) The d18O south-north
profile, averaged between 70°E and 90°E. Gray lines indicate minimum and maximum model d18Ow 70°E and 90°E. (C and D) Simulated Eocene
precipitation and isotopic patterns. (C) LMDZ-simulated MJJAS precipitation amount (millimeters per day), and (D) MJJAS precipitation-weighted
d18Ow (‰) and wind velocities (meters per second) for the Eocene (EOC-L) experiment.
Botsyun et al., Science 363, eaaq1436 (2019)
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India explain the absence of a correlation between the rainfall and the value of d18Ow in the
region (Movie 1). Conversely, more negative d18Ow
values over the northern part of the Indian
continent arise from distillation processes as
specific humidity decreases as air masses progress northward across India owing to high
precipitation values. In addition, extremely arid

environments (<0.5 mm/day) over the northern
TP and central Asia are associated with higher
d18Ow values (from –3 to –1‰) (Fig. 1, C and D).
The most surprising and counterintuitive result
in our Eocene simulations is an isotopic gradient
across the southern flank of the TP, with d18Ow
values ranging from –8‰ at the foot of the TP to
–5‰ at the top of the southern flank of the TP.

Such a gradient is at odds with modern observed
and simulated values that depict a decrease in
d18Ow from –8 to –18‰ as altitude increases on
the southern flank of the TP (Fig. 2 and fig. S4).
The combination of changes in water recycling
and the source of air masses explains the reversal
of the isotopic lapse rate during orographic ascent in the Eocene.
Back-trajectory analysis

Evaporation to precipitation ratio and
precipitation regimes

Fig. 2. Precipitation-weighted MJJAS d18Ow in simulations. (A) EOC-L. (B) EOC-XL. (C) EOC-S.
(D) EOC-Him. (E) EOC-M. (F) EOC-sea. (G) EOC-North. (H) EOC-South. Vectors show MJJAS
vertically integrated moisture transport (kilograms per meter per second).
Botsyun et al., Science 363, eaaq1436 (2019)
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The south-shifted location of the Eocene TP
induces strong convection over its southern
flank and a radically different pattern of water
recycling compared with the modern pattern
(Fig. 4). These features persist even in a scenario in which the TP has been latitudinally
shifted (fig. S5). Our present-day simulation
reproduces the large decrease in convective
precipitation that exists from the Indian foreland
up to the southern flank of the TP [evaporation/
precipitation ratio (E/P) diminishes along the
same transect] (Fig. 4A). However, during the
Eocene, convective precipitation (CP) prevails
over large-scale precipitation (LSP) (CP/LSP > 1),
with no clear decrease in E/P over this region
(Fig. 4B and fig. S5). The negligible decrease
in d18Ow in the Eocene between the Indian
foreland and the southern flank of the TP together with high convective precipitation rate
are therefore consistent with observational
and modeling studies (32–34) that show that
stratiform precipitation regimes are associated
with more depleted isotopic values than convective regimes. An additional simulation using
a TP of the equivalent elevation as today for the
Eocene does not change zonal profiles of E/P
3 of 9
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Our back-trajectory analysis confirms that in
the Eocene, sites across the TP are influenced
by multiple air masses that originate from both
the Indian Ocean and the Paratethys Sea (Fig. 3
and Movie 1). In detail, stronger westerlies during
the Eocene are divided between a southern
branch following the Himalayan flanks and
a northern branch that deviates to the south
and joins the easterlies around 95°E (Movie 1).
The presence of multiple air masses over the
Eocene southern TP invalidates two common
assumptions (29, 30) in stable isotope paleoaltimetry: that (i) southern TP sites receive moisture from a single air mass and (ii) air masses
progress over the southern margin and onto the
TP, permitting the resulting d18Ow to be treated
as a Rayleigh distillation process. Instead, d18Ow
over the southern TP appears to be a mixture of
multiple air masses having followed along-strike
trajectories (eastward and westward winds).
Therefore, the assumption of Rayleigh distillation along a single air mass trajectory cannot
be used to explain d18Ow patterns over elevated
parts of the Eocene topography. Our modeling
results are also supported by present-day satellite
observations showing that mixing of various air
masses tends to induce higher d18Ow than a
purely Rayleigh regime (31).
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and CP/LSP, suggesting that our hypothesized
mechanism to explain reverse isotopic gradients
in the Eocene over the southern flank of the TP
is robust.
Reversed Eocene isotopic lapse rate
The increased convective precipitation rates and
multiple air masses over the southern TP result
in a latitudinal dipole in d18Ow, with low d18Ow
over the India foreland and higher d18Ow over
the TP. This dipole creates an apparent positive
isotopic lapse rate across the southern edge of
the TP, with increased d18Ow as elevation increases south to north. This positive isotopic
lapse rate is a feature of all Eocene simulations,
regardless of the prescribed topography, of the
latitudinal position of the TP, and of the position of the coastline (Fig. 2). Furthermore,
this pattern is opposite to the expected d18Owelevation relationship derived from Rayleigh
distillation and driven by orographic rainout,
which predicts that d18Ow should decrease with
elevation (15). Flat isotopic lapse rates are found
today in areas of high convective precipitation,
such as Ethiopia and Kenya (35) because of convective instability over the region that produces
enriched d18O values at altitude. Similar negligible isotopic lapse rates have also been observed
in the Andes (36). For the Eocene, this unusual
isotopic lapse rate precludes use of any of the
previously developed d18Ow-elevation relationships for the Eocene TP.
Discussion and comparison with data
For the purpose of a model-data comparison,
we derived virtual d18Oc values using simulated
d18Ow and surface temperatures and compared
these derived values with measured d18Oc from
Botsyun et al., Science 363, eaaq1436 (2019)

previous studies (Table 1 and Figs. 5, A and B,
and 6). The d18Oc data show a reasonable agreement with the simulated south-north isotopic
gradient in d18Oc for the Eocene experiments
(Figs. 5, A and B, and 6). However, simulations
with relatively low Asian topography (EOC-S
and EOC-M) are a better fit, according to a
ranking of the model simulations based on the
sum of squared residuals (Fig. 5C). The large
uncertainties in the d18Oc data preclude any
precise paleoaltimetry estimates but do allow us
to discriminate between different paleoelevation
scenarios. In simulations with higher TP topography, d18Oc data are systematically more
negative than simulated d18Oc values (Figs. 5A
and 6). A decomposition of the effects on d18Oc
values shows that this discrepancy is mainly due
to the decrease in temperature over the TP as
elevation increases because of adiabatic cooling
(figs. S7 to S9). Lower carbonate formation temperatures result in less negative d18Oc values over
the TP. This effect is enhanced by more intense
rainfall over the Indian foreland associated with
more depleted d18Ow values (figs. S2 and S3) as
TP elevation increases. These two mechanisms
reinforce the positive isotopic lapse rate at the
southern edge of the TP, resulting in increased
d18Oc with increasing elevation.
Despite uncertainties in our modeling approach (Materials and methods), our simulations
highlight (i) the permanence of a latitudinal
d18Ow dipole in agreement with conclusions
from recent studies (37, 38) and (ii) the limit
of standard atmospheric distillation models
based on modern calibrations. We show that
most of the assumptions that underlie stable
isotope paleoaltimetry—such as commonly used
modern temperature lapse rates, single and in-

1 March 2019

Fig. 4. Hypothesized mechanisms that drive
differences between Eocene and presentday d18Ow. (A and B) The ratio between
convective precipitation and large-scale precipitation (CP/LSP, blue lines) and the ratio
between evaporation and precipitation (E/P, red
lines) along south-north TP cross sections for
(A) CTR and (B) Eocene experiments. In (B),
dashed lines indicate CP/LSP and E/P for the
EOC-XL experiment, and the solid line indicates
the same for the EOC-L experiment. Stratiform
precipitation is mimicked in the model with
large-scale precipitation. Gray shading indicates
the topography for the corresponding
simulation. Profiles are averaged between 85°E
and 90°E for the CTR case and between 73°E
and 78°E for the Eocene cases.

variant moisture sources, and similar convective precipitation activity—are not valid for the
Eocene TP. By contrast, our simulations suggest
that previously published d18Oc are more compatible with modest Eocene TP elevations (not
higher than 3000 m). These estimates reconcile
stable isotopic paleoaltimetry estimates with alternative paleontological (13, 14) and paleobotanical (11, 12) data. Our results imply that
substantial uplift (>2000 m) of at least some
parts of the TP could have occurred after the
Eocene. The complexity of atmospheric processes within greenhouse climates, combined
with differing paleogeographies, highlight the
necessity of using dedicated climate simulations
for interpreting d18Oc data.
Materials and methods
Numerical modeling approach
In order to assess spatial and temporal variations of climatic parameters and the isotopic
composition of vapor and precipitation, we use
the LMDZ-iso Atmospheric General Circulation
4 of 9
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Fig. 3. Back trajectory analysis for present-day (CTR) and Eocene winds. (A to F) The
probability distribution of air masses along back trajectories for each of the six points for [(A) to (C)]
CTR and [(D) to (F)] EOC-L. Back trajectories are calculated daily from May to September at
900 hPa level, backward for 6 days each, starting from the black circle.
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model (AGCM) (39), a derivative of LMDZ
(40). LMDZ was developed at Laboratoire de
Météorologie Dynamique (LMD), Paris, France,
and is the atmospheric component of the In-

stitute Pierre Simon Laplace (IPSL) Earth System
Model (ESM) (40), which participates in the
Coupled Model Intercomparison Project (CMIPs)
program (41). LMDZ incorporates many processes

decomposed into a dynamical core, calculating
the numerical solutions of general equations of
atmospheric dynamics, and a physical part, calculating the details of the climate in each grid

Table 1. Compilation of measured Eocene d18Oc from published materials. Corresponding sample sites, geographic locations are provided in fig. S6
(8, 10, 13, 24, 57–66). d18Oc are reported relative to V-PDB. We report the minimum measured values for lacustrine/biotic data and minimum and averaged values
for paleosols. Numbers in parentheses are average values for paleosols. Dashes indicate absence of corresponding data in the original study. For d18Oc, dashes are
shown where 1 SD calculation is not applicable. PETM, Paleocene–Eocene Thermal Maximum; Min, minimum.

Locality

Age

Carbonate
nature

d18Oc
(V-PDB)

d18Oc Chosen Temperature
used in
(1 SD)
d18Oc

(‰), min
values
Aertashi

40 to 34.3 Ma ago

Undifferentiated

–7.7

1.18

Min

Elevation
reconstructed

the original
study (°C)

in the original
study (m)

—

—

Reference to
isotopic data

(60)

(pedogenic nodule or
sediment matrix)
............................................................................................................................................................................................................................................................................................................................................

nodules
Paleosol

average
Min and

—

average
Min

25 ± 10

............................................................................................................................................................................................................................................................................................................................................

Erlian Basin

PETM

–12.6 (–9.3)

1.07

—

(62)

............................................................................................................................................................................................................................................................................................................................................

Gerze Basin

42 to 34 Ma ago

Lacustrine
carbonate
Paleosol

–8.1

1.1

Close to

(13)

sea level
—

(63)

............................................................................................................................................................................................................................................................................................................................................

Hengyang Basin

Eocene

–9.9 (–7.2)

0.87

Min and

—

average
............................................................................................................................................................................................................................................................................................................................................
Hoh Xil Basin
37.5 Ma ago
Lacustrine
–11.7
0.35 Min and
15 to 30
2000 + 850/–1050 m
(64)
carbonates
Undifferentiated

average
Min

............................................................................................................................................................................................................................................................................................................................................

Janggalsay

34 Ma ago

–6.5

—

—

—

(60)

(pedogenic nodule or
sediment matrix)
............................................................................................................................................................................................................................................................................................................................................
Lake Mahai

50 to 34 Ma ago

Undifferentiated
(pedogenic nodule or
sediment matrix)
Undifferentiated

–11.1

1.56

Min

—

—

(60)

............................................................................................................................................................................................................................................................................................................................................

Lenghu

Eocene

–7.5

—

Min

—

—

(60)

(pedogenic nodule or
sediment matrix)
............................................................................................................................................................................................................................................................................................................................................
Pedogenic
–14.4 (–11.5)
1.45
Min and
26 and 21
2650 ± 300
(61)
nodules
average
............................................................................................................................................................................................................................................................................................................................................
Liming

Eocene

Linzhou Basin,
51 to 48 Ma ago
Pedogenic
–16.2 (–13.7)
1.36
Min and
13.8 ± 8
4000 ± 500
(10)
Pana
Formation
nodules
average
............................................................................................................................................................................................................................................................................................................................................
Lulehe

Eocene

Undifferentiated

–10.3

—

Min

—

—

(60)

(pedogenic nodule or
sediment matrix)
............................................................................................................................................................................................................................................................................................................................................
Lunpola Basin,
Middle Niubao

55 to 37.5 Ma ago

Lacustrine and
pedogenic nodules

–15.5

2.36

Min and
average

10 ± 10

4050 + 510/–620

(8)

and Upper Niubao
Oytag
Eocene
Mudstone
–8.4
—
Min
19
(58)
............................................................................................................................................................................................................................................................................................................................................
............................................................................................................................................................................................................................................................................................................................................

Puska

Eocene

Undifferentiated
(pedogenic nodule or
sediment matrix)
Paleosol

–8.8

1.94

Min

—

—

(60)

............................................................................................................................................................................................................................................................................................................................................

Taatsin Gol

36 to 34 Ma ago

–9.6 (–9)

0.39

Min and

25

average
Min and

15 ± 8

average
Min

—

(65)

............................................................................................................................................................................................................................................................................................................................................

Tangra Yum Co

~46 Ma ago

Paleosol

–18.3 (–12.7)

1.69

2590 (+730/–910)

(66)

............................................................................................................................................................................................................................................................................................................................................

Xiao Qaidam

Eocene

Undifferentiated

–10.5

0.85

—

(60)

(pedogenic nodule or
sediment matrix)
............................................................................................................................................................................................................................................................................................................................................
Xorkol

Eocene

Undifferentiated
(pedogenic nodule or

–8.6

—

Min

—

—

(60)

sediment matrix)

............................................................................................................................................................................................................................................................................................................................................
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Central
Myanmar
Eocene
Gastropods
–14
—
Min
34 ± 5
—
(24)
............................................................................................................................................................................................................................................................................................................................................
Chake Basin
Eocene
Pedogenic
–10.4 (–8.8)
0.75 Min and
27
121 ± 700
(61)
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Experimental design
As in similar recent climate model studies (56),
point and containing parameterizations for
We provide experiments depicting both presentwe find that our simulation fits some of the
processes such as the effects of clouds, convecday and Eocene climate. For the Eocene exdata but not all and that our latitudinal gration, and orography.
periments, we use the Eocene paleogeography
dient remains too steep when compared to data.
In the version of LMDZ used in this work, the
reconstruction of Licht et al. 2014 (24), which
We stress that this is a crude comparison as
land surface is represented as a simple bucket
includes a southward shift of the Himalayan
we include data from a long time interval (Late
model, and land surface evaporation is calcufront, and a large Paratethys Sea to the north of
Eocene) during which global climate changes
lated as a single flux: no distinction is made
the TP. To understand the role of topography on
substantially.
between transpiration, bare soil evaporation,
Eocene climate and the distribution of
or evaporation of intercepted water by
d18Oc, we perform a series of experiments
the canopy. However, despite these limby varying the elevation of the TP. The
itations, the ability of this model to
Eocene TP is as high as 3500 m in the
simulate atmospheric dynamics and reinitial reconstruction (EOC-L simulation)
produce rainfall patterns over Asia has
(fig. S1D) (24). The elevation is increased
been demonstrated in numerous studies
to 5000 m in the EOC-XL simulation (fig.
(20, 24, 42–44).
S1E), reduced to 1750 m in the EOC-M
LMDZ-iso represents isotopic processes
simulation (fig. S1C) and lowered to 200 m
associated with all phase changes and
in the EOC-S simulation (fig. S1B). Addiis documented in (39). The implementation
tionally, we modify the TP geometry to obof water isotopes in the convection scheme
tain steep, narrow mountains analogous to
is described in (45). Water species are transthe present-day Himalayas over the southported and mixed passively by large-scale
ern flank of the elevated topography in the
advection (Van Leer advection scheme (46))
EOC-Him experiment (fig. S1F). Lastly, we
and various air mass fluxes. Equilibrium
perform a series of complementary experifractionation coefficients are calculated
ments to test different possible Eocene
after Merlivat and Nief (47) and Majoube
paleogeographies for the studied area:
(48) and kinetic effects are taken into ac(i) with the TP moved to the south, EOCcount following Merlivat and Jouzel (49)
South experiment (fig. S1G); (ii) to the north,
and Jouzel and Merlivat (50). The model
EOC-North experiment (fig. S1H); and
takes into account the evolution of the com(iii) with a water body over northern
position of both the rain and surrounding
India, EOC-sea experiment (fig. S1J).
vapor as raindrops re-evaporate (45). HowFor all Eocene simulations, we use PCO2
ever, the model does not account for rainof 1120 ppm, which lies within published
drop size during evaporation as described
estimates (21), and identical SSTs to isoin Lee and Fung (51).
late the effect of topography on atmospheric
Here, we use a model configuration
dynamics and d18Ow. We perform one adwith 144 grid points in longitude, 142 in
ditional experiment with the Eocene paleolatitude, 39 vertical layers, and a stretchgeography with pre-industrial PCO2 (EOC-1x
able grid (40) that permits greater regional
experiment) in order to estimate its impact
spatial resolution and yields an average
on resulting d18Oc.
resolution of ~50 km over central Asia
We use present-day orbital parameters,
(fig. S10). We force LMDZ-iso with realistic
which is a standard technique for deepsea-surface temperatures (SSTs) simulated
time paleoclimate modeling studies, given
by FOAM (52) and by realistic albedo and
that we provide snapshots to illustrate the
roughness values, obtained with the vegeclimatic state during the Eocene period
tation distribution simulated by the bioand do not focus on representing transient
physics vegetation model LPJ (fig. S11)
climates due to orbital variations. However,
(53). We choose this approach rather than
in some other studies, it has been shown
(i) using LMDZ-iso with pre-industrial
that such variations may have a significant
boundary conditions because it permits
impact on the hydrological cycle over Asia
accounting for the greenhouse gases con(24, 25). In order to address this issue, we
centration and related changes in SSTs and
have tested the impact of orbital param(ii) use of a fully coupled GCM, because
eters variations on the isotopic composition
stable isotopes have not been implemented
of precipitation with a series of additional
yet in the IPSL ESM, and present-day calpaleo-climate experiments (fig. S4, B and
culation capabilities do not allow perC, EOC-CO and EOC-WO experiments). In
forming fully coupled experiments in high Fig. 5. Model-data comparison for the Eocene. (A and
these experiments, we test two extreme orresolution with the isotopes implemen- B) Maps of d18Oc calculated from model-simulated MJJAS
bital configurations for the Eocene case in
tation. We should note, however, that precipitation-weighted d18Ow and model MJJAS mean
order to produce either (i) “warm austral”
FOAM and similar coarse resolution mod- temperatures for (A) EOC-XL and (B) EOC-S experiments.
orbit (or “cold boreal” orbit), with eccenels (for example, MPIOM, T31) have been Points indicate measured d18Oc from published studies
successfully applied in many other paleo- (Materials and methods and Table 1), consisting of the most tricity 0.05, obliquity 24.5, and Earth at
perihelion in January (EOC-CO) and (ii) a
climate studies (54). In order to show the negative values for lacustrine carbonates and average
capability of the FOAM model to simulate values for paleosols. (C) The sum of squared residuals (SSR) cold austral summer (and thus a “warm
boreal” summer), with eccentricity 0.05,
climate, we provide here a rough compar- for the Eocene simulations ( y axis) against modeled TP
ison between the SST and the field data elevation (Materials and methods). The best model-data fit is obliquity 22.5, and Earth at perihelion in
July (EOC-WO). Despite some differences
[see the data compilation in (55)] for the obtained when SSR is minimized [cases with relatively low
in simulated MJJAS precipitation amounts
Late Eocene, from 38 to 34 Ma (fig. S12). Asian topography (EOC-S and EOC-M)].
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Fig. 6. Maps of d18Oc
calculated from
model simulated
MJJAS precipitationweighted d18Ow and
model MJJAS mean
temperatures for
Eocene cases.
(A) EOC-L. (B) EOCHim. (C) EOC-M.
(D) EOC-sea.
(E) EOC-North.
(F) EOC-South. For all
Eocene maps, points
show measured d18Oc
from published data
sets, consisting of the
most negative values
for lacustrine carbonates and average
values for paleosols
(Table 1).

for these “warm boreal” and “cold boreal” scenarios,
d18Op summer [May, June, July, August, and
September (MJJAS)] patterns appear to be fairly
similar for the three orbital forcings tested here.
For all cases, more negative values of d18Op are
simulated over India and the southern slopes
of the HTP, while an area between 20°N and
40°N is characterized by more positive values of
d18Op. This gradient is strongest for the “warm
boreal” scenario case.
Model-data comparison
We compare Eocene precipitation-weighted d18Oc
derived from our simulations with published
Botsyun et al., Science 363, eaaq1436 (2019)

Eocene d18Oc data (Table 1 and Figs. 5 and 6)
(8, 10, 13, 24, 57–66). Pedogenic carbonates on
the TP commonly form during the summer season (67); thus, to derive d18Oc from our simulated d18Ow values, we use May–September mean
surface temperatures and use the fractionation
factors of (17).
With an objective of adjusting the parameters of a model function [y = f(x)] to best fit a
data set (where x is d18Oc from published data
sets and y is d18Oc simulated by LMDZ-iso), we
calculate the sum of squared residuals (SSR) for
20 data points, which permits us to define the
optimum model-data fit, which is when the SSR

1 March 2019

is minimized. For EOC-S and EOC-M simulations, SSR is estimated to be the smallest, 65.8
and 160 respectively, while EOC-XL and EOCHim simulations show the highest values, 369.7
and 453.63 respectively. SSR for the EOC-sea
experiment is comparable with those for the
EOC-L experiment and both EOC-North and
EOC-south show relatively high SSR similar
to the EOC-Him case. Note that for SSR calculation for the EOC-North and EOC-South, we
have adjusted the location of the data points
5° to the south and to the north respectively.
The difference in the SSR between two different elevations scenarios is larger than the
7 of 9
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difference attributable to the variability in the
d18O dataset (Table 1). Consequently, we dismiss
variability in the carbonate d18O as excluding
the firm conclusions that the best data-model
match is with lower elevation scenarios.

and dT terms, referring to the climatic states
using subscript 1 and 2 and to their difference
using the D notation

Uncertainties and limits of our
modeling approach

where DRc,dRw and DRc,dT are the contributions
of the part of the Rc signal related to the change
of Rw and temperature accordingly. Nonlinear
terms of decomposition are gathered into the
residual term N.
Similar to the isotopic signal decomposition suggested in (20), contributions could be estimated as

Decomposing d18Oc differences
Our goal is to understand to what extent d18Ow
changes explain the d18Oc signal over the Eocene
TP and what part of this signal depends on the
temperature of carbonate formation. First, based
on an assumption of equilibrium between water
and calcite, we relate d18Oc to d18Ow using the
relationship of (17)
Rc = Rw/1.0309 – 29.98 + 17.49*1000/
T – 31.45
(1)
where T is the temperature of carbonate formation, Rc is the isotopic ratios in carbonate,
and Rw is the isotopic ratios in paleo surface
water, or in a simpler form
Rc = Rc (Rw, T)

(2)

In order to understand why Rw varies from
one climatic state to another, we decompose
DRc = Rc2 − Rc1 into contribution from dRw
Botsyun et al., Science 363, eaaq1436 (2019)

DRc,dRw = Rc (Rw2, dT′) – Rc (Rw1, dT′)

(3)

(4)

and
DRc,dT = Rc (dRw′, T2) – Rc (dRw′, T1)

(5)

where Rw2, Rw1, T2, and T1 are d18Ow and temperature from two climatic states, respectively,
and dRw′, dT' are centered differences
dRw′ = (Rw1 + Rw2)/2

(6)

dT′ = (T1 + T2)/2

(7)

From the Eqs. 1, 3, 4, and 5, we have
DRc,dRw = (Rw2 – Rw1)/1.0309

(8)

DRc,dT = 17.49 * (1000/T2 – 1000/T1)

(9)

N = DRc – (DRc,dRw + DRc,dT)

(10)
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Ancient height of the Tibetan Plateau
The elevation of the Tibetan Plateau has a major impact on climate, affecting the monsoons and regional weather
patterns. Although some isotope proxies have suggested a roughly equivalent height for the plateau as far back as the
Eocene (∼40 million years ago), other lines of evidence suggest a lower elevation in the distant past. Botsyun et al. used
a model to show that several previously overlooked factors contribute to the isotopic record from the Eocene (see the
Perspective by van Hinsbergen and Boschman). The results harmonize the isotopic record with other proxies and argue
for a Tibetan Plateau that was about 1000 meters lower than it is today.
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